Electroluminescence ͑EL͒ efficiency of a blue In 0.3 Ga 0.7 N multiple-quantum-well diode has been investigated as a function of current between 0.001 and 20 mA at various temperatures ͑20-300 K͒. The low-temperature EL quenching previously observed below 100 K at a driving current of 20 mA does not occur at 0.001 mA and is found to be strongly dependent on the current level. Largely variable temperature-dependent EL quantum efficiency with current suggests that the injected carrier capture efficiency by radiative recombination centers plays a decisive role for determination of the EL efficiency under the forward bias condition.
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Blue and green light-emitting diodes ͑LEDs͒ based on ͑In, Ga͒N / GaN quantum-well ͑QW͒ heterostructures 1, 2 grown on a c-plane sapphire show surprisingly efficient electroluminescence ͑EL͒, in spite of the facts that the density of misfit dislocations can be as high as 10 10 cm −2 and that the extremely large polarization field ͑larger than ϳ100 MV/ cm͒ exists, 3 causing the reduced radiative recombination rate ͑reduced oscillator strength͒ of the optical transition. Thus, the origin of the very bright emission characteristics is receiving great attention. [4] [5] [6] [7] [8] [9] One interesting observation of the ͑In, Ga͒N QW diodes so far is that the EL efficiency dramatically decreases when the diode temperature is decreased below 100 K, [7] [8] [9] where the improved EL efficiency is generally expected due to the decreased nonradiative recombination processes. One of the anticipated genuine causes for the low temperature EL quenching may be ascribed to the deep Mg acceptor level of 170 meV in p-GaN, which can be deactivated at lower temperatures below 100 K. Therefore, holes are failed to be injected into the QW active region from the p-GaN layer, especially when the electron blocking p-type ͑Al, Ga͒N barrier is introduced. 10 Recently, Hangleiter et al. 11 proposed an interesting photoluminescence ͑PL͒ enhancement mechanism for carriers by means of lateral carrier blocking against defect trapping within the active QW layer. However, detailed physical pictures for the EL enhancement effects under the forward bias conditions are still controversial and deserve for further investigations.
In this letter, the temperature-dependent EL efficiency has been carefully investigated as a function of current from microamperes to several milliampere levels. The EL collapse previously observed at low temperatures and at high injection currents 12 is not uniquely determined by temperature only but can be significantly varied with the injection current level. We attribute the largely variable EL efficiency to be determined by the bias condition ͑external field effects͒ which is necessary to obtain a certain current level.
An ͑In, Ga͒N / GaN multiple QW ͑MQW͒ LED sample used for the present study was grown by metal-organic vapor-phase epitaxy. 13 The emission region of the LED consists of a triple In 0.3 Ga 0.7 N QW with a nominal width of 2.5 nm separated by 6.5 nm GaN barriers. This MQW layer is clad by 4 m n GaN and 30 nm p-Al 0.15 Ga 0.85 N layers. A 15 nm thick n-doped ͑ϳ10 19 cm −3 ͒ In 0.18 Ga 0.82 N electron reservoir layer ͑ERL͒ is inserted between the n-GaN clad and the active MQW layer to improve the EL efficiency. 13, 14 EL spectra of the MQW-LED mounted on a Cu cold stage of a closed-cycle He cryostat were recorded for the dominating blue MQW emission band as well as for high-energy bands from other layers by conventional lock-in detection techniques at temperatures between 20 and 300 K as a function of injected current between 0.001 and 20 mA. Figure 1 shows current-voltage ͑I-V͒ characteristics of the LED in a semilogarithmic plot, measured between T = 20 and 300 K and in a wide range of current, 0.0001-20 mA. At 300 K, the logarithmic current below 0.1 mA is nearly proportional to the forward voltage with an ideality factor of n = 2. However, above 0.1 mA, especially above 1 mA, the necessary forward voltage significantly increases with the increasing current level, probably due to the low density of holes in the p-GaN and p-Al 0.15 Ga 0.85 N layers. When decreasing temperature, this trend of I-V characteristics persists down to 160 K, but below 160 K, the forward bias starts to significantly increase to obtain a necessary current level. At the lowest temperature of 20 K the forward voltage drastically increases above 3 V for the current range larger than 0.01 mA, as shown in Fig. 1 . Note that for the injection current of 10 mA at 20 K the forward voltage exceeds 5 V. That is, the forward bias voltage to get a certain current is significantly increased when the current level is increased, especially at lower temperatures. Figure 2 shows EL spectra of the MQW diode as a function of temperature at the lowest injection current of 0.001 mA. In contrast to the EL spectra at the high injection current of 20 mA ͓not shown here, see Fig. 4͑c͒ in Ref. 14, for example͔ where the EL efficiency decreases with decreasing temperature, the EL efficiency at 0.001 mA injec-tion is highest at 20 K and the EL intensity for the main blue ͑ϳ490 nm͒ emission band strongly decreases when the temperature increases to 300 K in Fig. 2 . That is, the room temperature EL efficiency is quite low at 0.001 mA injection and drastically increases with decreasing temperature to 20 K. This is what we expect for the usual case of internal quantum efficiency ruled by the thermally activated nonradiative recombination processes. This finding means that the EL efficiency is not solely determined by temperature but strongly depends on the device operation conditions, i.e., current level.
In order to show detailed variations of the EL efficiency as a function of injection current at various temperatures, the integrated EL intensity divided by current, which is proportional to the EL external quantum efficiency ex , is plotted in Fig. 3 as a function of logarithmic current at temperatures between 20 and 300 K. As noted before, at the injection current of 0.001 mA the external quantum efficiency monotonously increases with decreasing temperature due to the reduced nonradiative recombination processes, reaching the maximum at 20 K. Here we assume that the maximum ex corresponds to nearly 100% internal quantum efficiency i .
It can surprisingly and largely vary from nearly 0% to 100% efficiency at 0.001 mA injection, when the temperature is changed from 300 to 20 K. However, the external quantum efficiency also drastically changes with temperature when the injection current is increased from 0.001 to 20 mA in Fig. 3 . That is, when the current is highest at 20 mA in Fig. 3 , the external quantum efficiency is lowest at 20 K in strong contrast to the case of 0.001 mA injection. When the temperature decreases from 300 to 20 K, the ex value initially increases and reaches the maximum around 160 K and then quickly decreases down to a value much lower than the one at room temperature. Therefore, variations of the ex 
FIG. 3. EL efficiency, defined by EL intensity divided by current ͑which is
proportional to external quantum efficiency ex ͒, as a function of injection current. Note that the ex value increases with decreasing temperature at an injection current of 1 A, while at 20 mA it decreases with decreasing temperature after the maximum value around 160 K.
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Yamane, Fujiwara, and Sheu Appl. Phys. Lett. 91, 073501 ͑2007͒ value are in fact very large and show dramatic dependence on the current level. When the temperature is fixed at 300 K and the current is increased in Fig. 3 , on the other hand, the ex value is quite low ͑nearly zero͒ at the low injection current below 0.01 mA. The ex value rapidly increases with the increasing current level, however, and reaches the maximum ͑ϳ23% ͒ at 7 mA and then slightly droops as the current further increases to 20 mA. This current-dependent ex increase can be easily explained by saturation of the nonradiative recombination centers, which is thermally active at 300 K. When the temperature is slightly decreased to 200 from 300 K, we note in Fig. 3 that the ex value more rapidly increases with the increasing current, since the nonradiative recombination centers are partially deactivated at lower temperatures. We also note that the significantly enhanced maximum value of ex , 46% at 180 K, is reached at a lower current level of 0.4 mA than at 300 K, although the ex drooping is enhanced. When the temperature is further decreased to below 100 K, the ex maximum reaches ϳ100%. Nevertheless, the ex value is drastically reduced with the increasing current level above 1 mA.
We attribute this ex reduction at high injection currents to the increased forward bias voltage, as seen in Fig. 1 , which is significant at temperatures below 100 K and current levels above 1 mA, where the injected carriers are not effectively captured by the active radiative recombination centers. In order to verify the carrier escape processes from the active regions we have measured short-wavelength EL emission bands as well as the main blue band at temperatures below 120 K. Figure 4 shows the EL results measured at 20 K. It is astonishing to observe almost no increases of the main blue EL band at 20 K in Fig. 4͑a͒ when the current is increased from 10 to 20 mA, due to the strong reduction of ex . Instead, the short-wavelength EL emission, as shown in Fig. 4͑b͒ , is significantly enhanced as the current is increased from 1 to 20 mA. This is because the injected carriers are escaping out of the active recombination sites to the higher band gap energy regions where the nonradiative recombination processes are operative even at lower temperatures.
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In summary, detailed assessment of the external electroluminescence efficiency of a blue InGaN MQW diode with a n + -type ERL have been investigated as a function of temperature and current. When the temperature is decreased from 300 to 20 K, the EL efficiency of the main blue emission band strongly increases at 0.001 mA injection due to the reduced nonradiative recombination rates, while it is significantly decreased at 20 mA due to external field induced carrier escape from the active radiative recombination sites to the defective higher band gap energy regions. Thus, the temperature dependence of the ex variations strongly depends on the injection current, that is, the forward bias conditions to obtain the injection current level. Enhanced escape of injected carriers from the active regions at lower temperatures below 100 K is confirmed by monitoring the shortwavelength emission band under the high injection current.
